Background: Clinical features, pathogenesis, and treatment of Parkinson's disease (PD) are reviewed as there has been progress in these areas. Summary: PD is a systemic disease of the nervous system as the initial symptom is related to disturbance of the autonomic nervous system, such as constipation or nocturia. Then, the disease progresses to the brain stem involving the nuclei in the pons and the substantia nigra, and inducing sleep and wakefulness disturbances, affect problems such as anxiety and depression, and motor problems when the disease process has reached the substantia nigra. Furthermore, the disease has an effect on the nucleus basalis of Meynert, the amygdaloid complex and the cerebrum manifesting cognitive impairment. The olfactory pathway is also frequently involved. Key Messages: For the treatment of PD, younger patients without dementia should be treated with a nonergot dopamine agonist first and then with levodopa if necessary. Elderly patients or those with dementia should be treated with levodopa. However, after 5 years of levodopa treatment, many patients with PD develop wearing off. Drugs for the treatment of wearing-off symptoms are reviewed. Many of the patients with wearing-off symptoms develop dyskinesia, and amantadine is so far the only drug that can ameliorate dyskinesia. Because of this situation, a new method of treatment is warranted, such as RNA interaction, according to the author's opinion. Recent progress in this field is also reviewed.
Introduction
Parkinson's disease (PD) was first described by James Parkinson [1] . He published a monograph entitled An Essay on the Shaking Palsy based on the clinical observation of 6 cases, wherein he mentioned most of the symptoms that we see today except for rigidity, which was described by Jean-Martin Charcot [2] . Charcot proposed to call this disease Parkinson's disease, as the description by James Parkinson was so excellent. At that time, dementia was not seen as a main feature of this disease. However, in 1976, Kosaka et al. [3] described a patient who started with symptoms of dementia and parkinsonism that led to diffuse Lewy body disease as shown by the postmortem examination. Lewy body is a cytoplasmic inclusion body characteristic of PD [4] . In 1919, the substantia nigra was considered to be responsible for most of the symptoms of PD [5] . In 2003, Braak et al. [6] studied the distribution of Lewy bodies and suggested that PD starts in the dorsal motor nucleus of the medulla oblongata and that the disease then progresses to the brain stem involving the locus coeruleus and the substantia nigra, and eventually cerebral cortical areas.
Nonmotor Features of PD

Autonomic Symptoms
PD starts with nonmotor symptoms [7, 8] ( table 1 ) . The first symptom of PD may be constipation starting years to decades before motor symptoms. Not only does the bowel movement decrease but the timing of the bowel movement may also be disturbed; it may occur in the late afternoon or even after dinner. Patients with constipation should be encouraged to eat fresh vegetables and drink a glass of water three times a day at meals and to take a laxative before going to sleep. Nocturia is also observed before the motor symptoms. Symptomatic orthostatic hypotension is not common but can be seen. Hypotensive patients should eat salty foods and drink water. For patients with symptomatic orthostatic hypotension, midodrine, amidinium or fludrocortisone can be prescribed [9] .
Hyposmia
Olfactory function in PD patients was explored by Ansari and Johnson [10] in 1975. They studied 22 patients with PD and found a loss of olfactory function. Since then, many authors have reported similar results. Hyposmia in PD is not related to the duration or the stages of the disease, or medication [11] . It usually precedes the onset of PD [12] and may be seen in more than 80% of PD patients [13] . Hyposmia in PD appears to be the result of marked dopaminergic deficiency in the olfactory tubercle and loss of dopaminergic innervation from the mesencephalon to the piriform cortex [14] . However, in the olfactory bulb, dopaminergic neurons seem to be increased; normally dopamine in the olfactory bulb suppresses the olfactory information [15] . Severe hyposmia in PD appears to be a forerunner of subsequent dementia [16] .
Sleep Disorder
Insomnia, restless legs syndrome, and rapid-eye movement sleep behavior disorder (RBD) are three major causes of sleep disorders in PD. Patients with PD may have difficulty in falling asleep. Depression or anxiety, or pain related to dystonia or other complications may cause insomnia. A sleeping pill, an antidepressant or a dopamine agonist can be prescribed at bedtime.
Restless legs syndrome is a condition characterized by discomfort at rest and the urge to move the legs [17] . It is a cause of insomnia. A small amount of a dopamine agonist can be given at bedtime. In case the dopamine agonist is not effective enough, a small amount of levodopa, clonazepam, sodium valproate or gabapentin may also be prescribed.
RBD is characterized by prominent motor behaviors and loss of muscular atonia during rapid-eye movement sleep; it may be seen in about 30% of patients with PD [18] . RBD is usually observed before the onset of motor symptoms. Schenck et al. [19] reported that 38% of 29 older men initially diagnosed with idiopathic RBD developed PD after a mean of 12.7 ± 7.3 years from the onset of RBD. For the accurate diagnosis of RBD, polysomnography is necessary, but convenient questionnaires have also been reported [20] . RBD seems to be the result of a lack of dopaminergic stimulation to the pontine nuclei near the locus coeruleus [21] . For the treatment of RBD, clonazepam (0.5-2 mg) at bedtime is effective. However, if it does not work, levodopa, a dopamine agonist, or donepezil can be given. Also, patients are instructed not to take an antidepressant or chocolate. There is a correlation between RBD and loss of olfaction [22] and loss of MIBG uptake to the cardiac sympathetic nerves [23] . Also, loss of olfaction is correlated with loss of cardiac MIBG uptake [24] . Therefore, these will be early markers of PD [25] .
Disturbance of Wakefulness
Excessive daytime sleepiness (EDS) is seen in about one third of patients with PD [26] . Sleep attacks are episodes of falling asleep without warning signs of drowsiness. Both of them are related to the treatment with dopamine agonists [27] . However, EDS and sleep attacks may occur without the use of a dopamine agonist. The use of levodopa and the pathophysiology of PD itself appear to be causes of sleepiness [28] . EDS is more severe in demented patients. Videnovic et al. [29] measured serum melatonin every 30 min in PD patients and controls, and found a marked decrease of serum melatonin in patients with PD. Furthermore, in patients with EDS, serum melatonin was significantly lower than in those patients with PD who did not have EDS. They suggested that timed exposure to bright light and exercise might help against EDS. Modafinil is only partially effective against EDS [30] . Therefore, due care is necessary when a dopamine agonist is prescribed. Patients on a dopamine agonist should not drive a car until it has become clear that the dopamine agonist does not cause EDS.
Disturbance of Affect
About one third of the patients with PD have anxiety disorders. Female sex, the presence of motor fluctuations, and a previous history of an anxiety disorder are risk factors for anxiety disorders [31] . Patients may ask 'Is this disease curable?', 'Do I lose the job?', 'May drugs I am taking become ineffective within a few years?', 'Will I become unable to walk?', and 'May our children get the disease as well?'. In answering these questions, an optimistic attitude is important. About 90-95% of PD cases are sporadic, and familial PD is usually much easier to treat except for rare cases of PARK9 or PARK14.
Depression
Depression is seen in PD in about one fourth to one third of the patients [8, 32, 33] . It is related not only to serotonergic dysfunction but also to noradrenergic, dopaminergic, and acetylcholinergic dysfunctions. Drug treatment of depression in PD should not be considered the same as treatment of major depression. Controversial results have been reported on selective serotonin reuptake inhibitors [34, 35] . Tricyclic antidepressants seem to be better for depression in PD [35] . However, due care is important for anticholinergic effects. A mild antidepressive effect may be seen in PD patients treated with pramipexole [36, 37] .
Hallucination and Delusion
Usually hallucinations and delusions are considered to be side effects of anti-PD drugs. An initial symptom of hallucinations may be a feeling of the existence of other persons, or the patient may see an animal feature when he or she is going to the toilet at night. A clock on the wall may be seen as if representing a human being's face. However, when the patient stares at the object, visual hallucinations soon disappear. The patient understands that he or she is seeing a hallucination and no coherent behavior guided by the hallucination is observed. No treatment is necessary at this stage, unless visual hallucinations occur frequently. If this is the case, the patient may see hallucinations during daytime as well, and they also tend to last longer. At this stage, treatment is necessary. In more advanced cases, the patients may behave incoherently guided by the hallucination. They may lose orientation and psychosis sets in. The patients may have a delusional ideation such as that they were stolen by the purse. In the PD patients with dementia, hallucinations and delusions may become more severe, and the psychotic state may continue all day long. Progression of PD may make the brain liable to develop hallucinations and delusions [38] .
Treatment of hallucination, delusion, and psychosis includes discontinuing the last drug that has been added or changing the dosage. If this does not alleviate or reduce hallucination, then anti-PD drugs should be discontinued in the following order: anticholinergics, amantadine, monoamine oxidase B (MAOB) inhibitor, catechol-O-methyltransferase inhibitor, zonisamide, istradefylline, and the dopamine agonist. Levodopa dose can be reduced. If this strategy does not work well, then donepezil should be given [39] . Quetiapine is frequently used for hallucination, delusion, and psychosis; however, a double-blind study did not show any beneficial effect on hallucination [40] . Clozapine for psychosis [41] can be used with due care for agranulocytosis.
Impulse Control Disorder and Dopamine Dysregulation Syndrome
These are complications of dopamine agonists or levodopa in relatively young PD patients. Readers who are interested in this topic should consult the following articles by O'Sullivan et al. [42] and Voon et al. [43] .
Cognitive Impairment
The cross-sectional prevalence of cognitive deficits in PD is close to 30% [44] , and the prevalence rises if one can follow the patients until their death. Readers who are interested in dementia in PD should consult the following articles by Emre et al. [44] and Goldman and Holden [45] . Dementia with Lewy bodies is a condition in which dementia appears before the motor symptoms or it occurs simultaneously with the motor symptoms. Readers who are interested in dementia with Lewy bodies should consult the following articles by McKeith et al. [46] and Rongve et al. [47] .
Motor Features of PD
Initial Symptoms
Motor features of PD consist of resting tremor, rigidity, bradykinesia, and loss of postural reflex. About 50% of PD patients start with a unilateral tremor, mainly in the hand but occasionally in the leg according to our observation. Tremor may be seen in up to 70-80% of cases in the course of the disease. About 30% of the patients start with a unilateral shuffling gait and the rest of the patients start with unilateral bradykinesia-related symptoms in an arm such as having difficulty in handwriting or in changing clothes. Within 1-3 years, symptoms of PD will become bilateral, but the asymmetry of symptoms will continue. At a late stage, after more than 15-20 years from onset, the asymmetry of symptoms may become less prominent.
Motor Fluctuations
Two to five years after the start of levodopa treatment, many patients with PD have wearing-off fluctuations, meaning that the beneficial effect of levodopa may last only 2-3 h. Patients with PD may also have dyskinesia (mainly choreic, at times dystonic, athetoid, or myoclonic movements) when levodopa is working. At times, patients with PD may have diphasic dyskinesia, which appears in the rising phase and descending phase of blood levodopa levels; diphasic dyskinesia is prominently seen in the legs but it may also occur in the arms and the trunk. The movement is coarse tremor-like, dystonia-like, vigorous, and stereotypic. Diphasic dyskinesia usually ceases spontaneously after 20-30 min.
Advanced Stage
In the course of PD, those patients who need levodopa and are fluctuating are called advanced-stage patients. This stage may start approximately 5 years after the initiation of levodopa treatment. In a more advanced stage, 10 years or more after the initiation of levodopa, patients with PD may have a shuffling gait even during the 'on' stage and they may fall down due to a stuttering or freezing gait or due to festination with injuries including fractures. Freezing of gait occurs mainly at home while the patients are in 'off' states. But it may also occur during 'on' states. Festination is a similar phenomenon, which may occur outside the home as well. There is no good drug against freezing and festination. Patients with PD are encouraged to raise the knees while walking so that the tips of the toes will be raised as well. If they are thinking of something else while walking, the gait may become shuffling.
Another difficulty encountered at this stage is the drooling. The saliva output is not increased in PD, rather it is decreased [48] . The reason why normal persons do not have drooling is that they swallow saliva unconsciously. Therefore, patients with PD are encouraged to swallow the saliva consciously. For patients with PD, it is very difficult to do any movement unconsciously. Also, patients with PD should be instructed not to be affected by aspiration pneumonia, intestinal obstruction, fractures, and malignant syndrome.
Treatment of PD
Early-Stage Patients
The currently available anti-PD drugs ( table 2 ) are all symptomatic. Therefore, drug treatment should be started when the disability of the patient reaches a certain level, at which it has a considerable effect on daily life. This may vary greatly among different patients. A younger patient who is a computer programmer may find it hard to use a computer keyboard if he has slight difficulty in moving his fingers, whereas a retired elderly man may not have difficulty in performing activities of daily living even if he does them more slowly. If a physician decides to initiate treatment, the merits and demerits of levodopa and dopamine agonists must be explained to the patient beforehand.
The drug to be used at the beginning of treatment of PD is either levodopa or a dopamine agonist. If the patient is relatively young, below the age of 65-70, a dopamine agonist may be the starting drug. If the patient is above 70, then levodopa is the first choice. If the patient additionally has dementia, the starting drug is always levodopa. Two classes of dopamine agonists are available: ergot and nonergot dopamine agonists. The ergot dopamine agonists have an ergot structure. They may cause the thickening of the cardiac valves resulting in regurgitation of those valves [49] . Today, a nonergot dopamine agonist is the first choice for younger patients without dementia. The starting dose and the maximum daily dose are shown in table 2 . Long-acting forms have also been developed. Apomorphine injection is used only in a rescue treatment for akinetic episodes or freezing of gait. Dopamine agonists usually do not produce wearing off or dyskinesia when used without levodopa. However, they may cause nausea, anorexia, pretibial edema, hallucination, and EDS among others. At times, they may also induce Pisa syndrome or camptocormia. Therefore, due care is necessary when a dopamine agonist is prescribed. In case levodopa and a dopamine agonist do not produce a satisfactory improvement, a MAOB inhibitor (selegiline or rasagiline), a NUDA antagonist (amantadine HCl), or a small amount of an anticholinergic drug can be added. The monoamine oxidase inhibitors can be used at a very early stage of the disease, when a patient does not want a stronger drug.
Advanced-Stage PD Patients
Advanced-stage PD patients are those who require levodopa and have motor fluctuations. Wearing off is the first symptom to appear after initiation of levodopa, which usually occurs after 5 years, but may also be seen within 2-3 years. During the 'off' stage, many of the motor symptoms and some of the nonmotor symptoms appear. Usually the 'off' period occurs late in the afternoon before dinner. Such patients are usually already taking a dopamine agonist in addition to levodopa; therefore, the next drug to use is either entacapone or selegiline. One may also use zonisamide or istradefylline, if available.
Wearing Off
Entacapone is a catechol-O-methyltransferase inhibitor that inhibits O-methylation of levodopa in peripheral tissues [50] . Entacapone does not cross the blood-brain barrier. Therefore, it increases the levodopa level that is taken up into the brain. Thus, the beneficial effect of levodopa may last approximately 30 min longer than that of levodopa alone. At each dose of levodopa, entacapone is coadministered. The dose of entacapone is 100-200 mg at each time. A combined tablet of levodopa, carbidopa, and entacapone is marketed in some countries; however, using the combined tablet in de novo PD patients increases dyskinesia [51] . When entacapone is not working well, selegiline can be used. Selegiline is an irreversible MAOB inhibitor. MAOB is expressed in serotonergic and glial cells; MAOA is expressed in dopaminergic neurons [52] . In advanced PD, levodopa appears to be taken up into serotonergic and glial cells where it is metabolized to dopamine. Therefore, MAOB inhibitors appear to inhibit metabolism of dopamine. Selegiline may aggravate levodopa-induced dyskinesia. It has a mild anti-PD effect when used in de novo patients [53] .
Rasagiline is a newer irreversible MAOB inhibitor, which was tested for disease-modifying effects in PD; 1 mg per day was disease modifying, whereas 2 mg were symptomatic [54] . Therefore, further studies are needed.
Zonisamide is an antiepileptic. A PD patient who had a seizure was given zonisamide, and thereafter his wearing-off symptoms improved. A double-blind study in Japan proved its anti-PD effect. Taking 25-100 mg of zonisamide after breakfast or lunch improved 'on' stage parkinsonism and induced a shortening of the 'off' period [55] . The mode of action is not known.
Istradefylline is an antagonist of adenosine receptors. Adenosine A 2A receptors are expressed presynaptically on the GABAergic neurons in the striatum and presynaptically on the indirect strioexternal pallidal pathways [56] . Indirect strioexternal pallidal pathways in PD are hyperactive because of the lack of dopamine causing bradykinesia. By blocking adenosine A 2A receptors with istradefylline, the strioexternal pallidal pathway recovers more normal tone. Double-blind studies in the USA and in Japan revealed improvement of the 'on time' symptoms and shortening of the 'off' period as measured using patients' diaries [57] [58] [59] [60] . Istradefylline can be given at a dose of 20 mg after breakfast or 20 mg after breakfast and dinner.
For wearing off, traditional anti-PD drugs can also be used. Amantadine is given at a dose of 50-100 mg twice a day after breakfast and lunch and/or trihexyphenidyl 2 mg is administered after breakfast or after breakfast and lunch.
In case these medications do not work on wearing off, the number of times of levodopa intake should be increased. In this case, one should take into account how long the effects of a single dose of levodopa would last. Considering how long levodopa would be effective, levodopa should be given every 2-4 h during the awake time. You may also give levodopa at night when the patient wakes up and needs to go to the toilet. Taking levodopa at night may improve early-morning akinesia and related symptoms such as muscle ache. The patient may take 100-200 mg of levodopa on an empty stomach depending on how much levodopa is necessary for improvement to appear. In case even 100 mg of levodopa causes dyskinesia, the levodopa dose must be decreased.
'No-On' and 'Delayed On'
'No-on' means no clinical benefit after taking levodopa and 'delayed on' means delay in the clinical improvement 30 min or more after taking levodopa. 'No-on' and 'delayed on' are observed due to a delay in intestinal absorption of levodopa. Levodopa is an amino acid; therefore, it is absorbed in the upper jejunum by neutral amino acid transporters. If the patient with PD takes levodopa after the meal, amino acids derived from the protein in the food may interfere with the absorption of levodopa as well as the transport to the brain. This seems to be the main cause of 'no-on' and 'delayed on'. Therefore, levodopa should be given before the meal.
Peak-Dose Dyskinesia
Dyskinesia is a choreic or dystonic movement that is seen when levodopa is working [61] . It may appear 2-3 years after the start of levodopa and becomes more prominent as the maintenance dose of levodopa increases according to the progress of the disease. Usually dyskinesia does not interfere with daily activities but at times it becomes prominent interfering with various activities of the PD patients, and then they may feel fatigue because of severe dyskinesia. Such severe dyskinesia is called intractable dyskinesia. Patients with PD may not notice the presence of dyskinesia at all unless it becomes prominent. However, family members notice even the slightest dyskinesia.
Treating dyskinesia means reducing or discontinuing drugs. At first, selegiline should be discontinued as it may increase the severity of dyskinesia. The next thing to do is to discontinue COMT inhibitors, zonisamide, istradefylline, and anticholinergics. There is no suggestion as to which drug should be discontinued first. When a dopamine agonist is used together with levodopa, it will increase the severity of dyskinesia. Continuing a dopamine agonist while decreasing levodopa seems to be one of the ways of treating dyskinesia. However, decreasing levodopa may aggravate the symptoms of PD. In this case, continuing levodopa and decreasing the dopamine agonist can be tried. Sometimes each dose of levodopa must be below 100 mg; in this case, dissolve the total daily amount of levodopa in 500 ml of mineral water and take a small part each time at more frequent dosing such as every 2 h or every 1.5 h. If all these methods fail to treat dyskinesia, a large amount of amantadine (300-400 mg per day) may be of help. Amantadine is the only drug that may decrease 'on time' dyskinesia [62] . But the antidyskinetic effect of amantadine may not last more than 6-12 months. In such cases, subthalamic deep brain stimulation is recommended if the patient is below 75 and does not have dementia. Furthermore, continuous duodenal infusion of levodopa may also be helpful [63] .
Diphasic Dyskinesia
This is a more stereotypic vigorous abnormal involuntary movement involving mainly the legs, but the arms, face, neck, and trunk may also be involved. Vigorous tremor-like movement of both legs is a typical symptom of diphasic dyskinesia. Dystonic movement may also be seen in the legs and the remaining parts of the body.
Diphasic dyskinesia occurs 15-20 min after taking levodopa and lasts 20-30 min. It may also be seen when the drug effects on PD wears off. It may not be seen every time after levodopa ingestion. There is no good drug for the treatment of diphasic dyskinesia. At times, no treatment is necessary as the duration of dyskinesia is not long enough. In more severe cases, one can try a large amount of amantadine. STNDBS may also be effective.
Pathogenesis of PD
Two lines of biochemical abnormalities are known: one is mitochondrial deficiency of complex I and the other is accumulation of α-synuclein aggregates. Mitochondrial deficiency of complex I was first reported by Schapira et al. [64] in 1989. We reported deficiency of complex I proteins by immunoblotting in striatal mitochondria in the same year [65] , whereas accumulation of α-synuclein aggregates in Lewy bodies was first reported in 1997 [66] . However, the relation between complex I deficiency and α-synuclein aggregation was not clear until 2008, when Devi et al. [67] reported an increase of mitochondrial α-synuclein in PD and inhibition of the nigral complex I by α-synuclein but not in the cerebellum. In control patients, mitochondrial α-synuclein was not increased.
Therefore, the pathogenesis of PD may be summarized as shown in figure 1 . For unknown reasons, α-synuclein in PD tends to undergo polymerization. At first, oligomers of α-synuclein, still having a soluble character, seem to increase oxidative stress, disturbance of membranous structures such as mitochondrial membranes or microsomal membranes, and impairment of 26S proteasome [68] . Finally, α-synuclein develops into insoluble aggregates. Insoluble aggregates of α-synuclein in dendrites and axons may interfere with the transport of various important substances. Inhibition of complex I may aggravate the degenerative process and, together with the aggregation of α-synuclein, enhance it. Thus the future treatment of PD must be directed to the inhibition of α-synuclein aggregation.
Is Disease Protection Possible?
Many ways of disease-modifying treatments have been attempted, but none of them proved effective in PD patients. Therefore, we must find a new method of treatment. RNA interaction seems to be a possibility. Here, RNA interaction utilizes 20 mer RNA to inhibit a specific allele of mRNA. In autosomal dominant disease, only one allele is abnormal. By introducing a specific RNA to inhibit the only abnormal allele of RNA, one can inhibit abnormal protein synthesis. This has been tried in many autosomal dominant disorder models such as SOD1-mutated amyotrophic lateral sclerosis [69] , Huntington's disease transgenic animals [70] , APP-mutated Alzheimer transgenic animals [71] , and ataxin-3-mutated Machado-Joseph transgenic animals [72] . In these experiments, RNAs were injected directly into organs or intrathecally.
To use this method in human diseases, RNA must be bound to a highly neuron-specific substance. Kumar et al. [73] reported that a small RNA connected to the rabies glycoprotein was delivered to the central nervous system. After they had created green fluorescent transgenic animals, they administered small RNA against green fluorescence connected to the rabies glycoprotein into the tail vein of the transgenic animals. After that they measured the green fluorescence of each organ by flow cytometry. There was no decrease in the green fluorescence in the spleen or the liver, whereas there was approximately 30% decrease of green fluorescence in the brain indicating inhibition of the fluorescence material in the brain. To use this method in human diseases, it will be necessary to develop much safer materials to attach RNA. By doing so, aggregations of α-synuclein may in part be inhibited. Schematic presentation of the pathogenesis of PD. α-Synuclein undergoes oligomer formation and polymerization. Oligomers of α-synuclein induce oxidative stress and impairment of membranous structures such as 26S proteasome, mitochondria, and microsomes. Polymerized α-synuclein is thought to interfere with the axonal transport of important materials for neurons. Also, part of α-synuclein is believed to enter the mitochondria in PD and to inhibit complex I contributing to neuronal death.
